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Abstract
$WRPLVWLFPRGHOOLQJLVSOD\LQJDQLQFUHDVLQJO\LPSRUWDQWUROHDVDWRROWRSUHGLFWIXQGDPHQWDOSK\VLFDOSURSHUWLHVDVZHOODV
PHFKDQLFDOSURSHUWLHVRIPDWHULDOV:LWKWKHVWHDG\LPSURYHPHQWRISRZHUIXOFRPSXWDWLRQDOWRROVLQFUHDVLQJO\UHDOLVWLFPRGHOV
FDQEHHPSOR\HGLQVLPXODWLRQVRIUHODWLYHO\FRPSOH[V\VWHPV7KLVKDVVXFFHVVIXOO\EHHQGHPRQVWUDWHGIRUHJKDUGHQLQJ
SUHFLSLWDWHVLQDOXPLQLXPDOOR\V7KLVDSSURDFKVKRXOGWKXVDOVREHZHOOVXLWHGIRUVWXG\LQJLQWHUIDFHVRIPHWDOPHWDOMRLQWV,Q
WKLVSDSHUERWKSRVVLELOLWLHVDQGSRWHQWLDOFKDOOHQJHVRIDQDWRPLVWLFPRGHOOLQJDSSURDFKRIVXFKV\VWHPVDUHGLVFXVVHGZLWKD
SDUWLFXODUIRFXVRQLQWHUIDFHPRGHOOLQJRIWKHLQGXVWULDOO\LPSRUWDQW$OVWHHOMRLQWV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKHVFLHQWLILFFRPPLWWHHRIWKHWK&,53&RQIHUHQFHRQ/HDUQLQJ)DFWRULHV
.H\ZRUGVDWRPLVWLFPRGHOOLQJLQWHUIDFHVDOXPLQLXPMRLQWVGHQVLW\IXQFWLRQDOWKHRU\

1. Introduction
0XOWLPDWHULDOFRPSRQHQWVDQGWHFKQRORJLHVRIMRLQLQJ
FRPSRQHQWVRIGLIIHUHQWW\SHVRIPHWDOVLVDUHVHDUFKDUHDRI
JUHDWLQWHUHVWLQPRGHUQDXWRPRWLYHLQGXVWU\$QLPSRUWDQW
H[DPSOHLVWKHMRLQLQJRIDOXPLQLXPFRPSRQHQWVWRVWHHOLQ
FDUERGLHV,QRUGHUWRLPSURYHIXHOHIILFLHQF\LWLVGHVLUDEOH
WRLQFUHDVHWKHXVHRIOLJKWZHLJKWFRPSRQHQWVLQFDUV7KHUH
DUHVHYHUDOGLIIHUHQWZHOONQRZQWHFKQLTXHVIRUMRLQLQJ
PHWDOVZKHUHWUDGLWLRQDOIXVLRQZHOGLQJLVWKHPRVWNQRZQ
DQGXVHG$OWKRXJKWKLVPHWKRGLVVXLWDEOHIRUVWHHOVLQ
DOXPLQLXPDVLJQLILFDQWZHDNHQLQJRIWKHPDWHULDOVWUHQJWK
HJVRIWHQLQJFUDFNLQJFRUURVLRQGXHWRPLFURVWUXFWXUDO
FKDQJHVDURXQGWKHIXVLRQ]RQHRFFXUVDIWHUIXVLRQZHOGLQJRU
IULFWLRQVWLUZHOGLQJ7KXVFROGZHOGLQJWHFKQLTXHVLQZKLFK
WKHPLFURVWUXFWXUHQHDUWKHMRLQWZLOOEHOHVVDIIHFWHGDUHEHLQJ
FRQVLGHUHGOLNHWKH+<%+\EULGPHWDOH[WUXVLRQ	ERQGLQJ
PHWKRG>@RUFROGSUHVVXUHZHOGLQJ&3:>@,PSURYHG
NQRZOHGJHRISK\VLFDODQGPHFKDQLFDOSURSHUWLHVRIFROG
ZHOGHGMRLQWVLVWKXVGHVLUHG,QDGGLWLRQWRPDFURVFRSLF
SURSHUWLHVWKDWFDQEHWHVWHGLQODERUDWRULHVDQLQFUHDVHG
NQRZOHGJHRIQDQRVFDOHSURSHUWLHVOLNHHJHODVWLFDQGVKHDU
VWUDLQVDQGDWRPLFERQGLQJLVFUXFLDOLQRUGHUWRREWDLQD
FRPSOHPHQWDU\XQGHUVWDQGLQJRIWKHSURSHUWLHVRIWKHMRLQWV
6XFKSURSHUWLHVDUHLQPDQ\FDVHVQRWH[SHULPHQWDOO\
DFFHVVLEOHEXWFDQEHSUHGLFWHGYLDWKHRUHWLFDOPRGHOVDQG
VLPXODWLRQV:LWKWKHVWHDGLO\LPSURYLQJFDSDFLW\RIDYDLODEOH
VXSHUFRPSXWHUVDQGQXPHULFDODOJRULWKPVLQFUHDVLQJO\ODUJH
DQGFRPSOH[DWRPLVWLFPRGHOVFDQEHHPSOR\HGLQ
VLPXODWLRQV6RFDOOHGILUVWSULQFLSOHVRUDELQLWLRPHWKRGV
XVHDTXDQWXPPHFKDQLFDOWUHDWPHQWRIHOHFWURQVWKXV
SURYLGLQJDQDFFXUDWHDSSURDFKEDVHGXSRQWKHODZVRI
SK\VLFV7KLVPDNHVWKHPHWKRGVYHU\ZHOOVXLWHGIRUVWXGLHV
RIHJFKHPLFDOHIIHFWVDQGHODVWLFUHVSRQVHDWDWRPLFOHYHO
+RZHYHUWKHFDOFXODWLRQVDUHFRPSXWDWLRQDOO\GHPDQGLQJDV
WKHFRPSXWLQJWLPHVFDOHVURXJKO\DV1ZKHUH1LVWKH
QXPEHURIDWRPVLQWKHPRGHO$WWKHSUHVHQWPRGHOV
FRQWDLQLQJXSWRDERXWDWRPVDUHIHDVLEOHIRUILUVW
SULQFLSOHVFDOFXODWLRQV7KHPRVWXVHGDQGSRSXODUILUVW
SULQFLSOHVEDVHGFRPSXWDWLRQDOPHWKRGLVGHQVLW\IXQFWLRQDO
WKHRU\')7>@$WRPLVWLFPRGHOVFRQWDLQLQJWKHRUGHURI
DIHZKXQGUHGDWRPVRUPRUHKDYHVFDOHVFRPSDUDEOHWR
FRQWLQXXPPHFKDQLFVEDVHGPRGHOVDQGFDQWKXVEHXVHGLQ
FRPELQDWLRQZLWKWKHVH7KLVRSHQVXSWKHSRVVLELOLW\RI
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PXOWLVFDOHPRGHOOLQJLQZKLFKQDQRVFDOHSURSHUWLHVIRXQG
IURPWKHDWRPLVWLFDSSURDFKFDQEHOLQNHGZLWKFODVVLFDO
PRGHOVDQGSURYLGHPDFURVFRSLFSURSHUWLHV DQGSDUDPHWHUV
WKDWDUHRIUHOHYDQFHDQGLQWHUHVWIRULQGXVWULDODSSOLFDWLRQV
7KHJDSEHWZHHQQDQRVFDOHPRGHOVDQGPDFURVFRSLFPRGHOV
LVWKXVEULGJHG
List of abbreviations
&3:FROGSUHVVXUHZHOGLQJ
+<%K\EULGPHWDOH[WUXVLRQ	ERQGLQJ
')7GHQVLW\IXQFWLRQDOWKHRU\
9$63 9LHQQD$E,QLWLR6LPXODWLRQ3DFNDJH
)( ILQLWHHOHPHQW
7(0 WUDQVPLVVLRQHOHFWURQPLFURVFRS\
0' PROHFXODUG\QDPLFV

2. Interface modelling
,QWHUIDFHVSOD\DYHU\LPSRUWDQWUROHLQJRYHUQLQJPHFKDQLFDO
SURSHUWLHVRIPHWDOVVXFKDVHJVWUHQJWKDQGZRUNKDUGHQLQJ
7KXVPRGHOOLQJRIYDULRXVW\SHVRILQWHUIDFHVLVDYHU\DFWLYH
UHVHDUFKDUHD,QSDUWLFXODUJUDLQERXQGDULHVDUHRILQWHUHVW
VLQFHWKH\DUHVLWHVRIVHJUHJDWLRQRIVROXWHLPSXULWLHVDQG
GLVORFDWLRQV>@,QDGGLWLRQVPDOOHULQWHUIDFHVOLNHWKRVH
EHWZHHQKDUGHQLQJSKDVHVDQGDKRVWPHWDOPDWUL[ZKLFK
VWURQJO\DIIHFWWKHKDUGHQLQJPHFKDQLVPLQKHDWWUHDWHG
DOOR\VKDYHDOVREHHQZLGHO\LQYHVWLJDWHGVHHHJ>@,Q
WKHODWWHUFDVHWKHLQWHUIDFHVDUHVXIILFLHQWO\VPDOOWREH
HQWLUHO\LQFOXGHGLQILUVWSULQFLSOHVDWRPLVWLFVLPXODWLRQVRULQ
K\EULGPRGHOVZKHUHDWRPLVWLFILUVWSULQFLSOHVVLPXODWLRQVDUH
XVHGLQFRPELQDWLRQZLWKFODVVLFDOPRGHOV2QWKHRWKHUKDQG
WKHVL]HVRILQWHUIDFHVRIZHOGHGMRLQWVDUHRQDQHQWLUHO\
GLIIHUHQWOHYHORIPDJQLWXGH7KHUHIRUHWKHUHKDYHEHHQOHVV
DFWLYLW\RQDWRPLVWLFPRGHOOLQJDQGVLPXODWLRQRIVXFKW\SHV
RILQWHUIDFHV1HYHUWKHOHVVZLWKWKHLQFUHDVHGXVHRIVROLG
VWDWHZHOGLQJPHWKRGVLQFUHDVHGNQRZOHGJHRILQWHUIDFH
SURSHUWLHVGRZQWRDWRPLFVFDOHLVQHHGHGLQRUGHUWRGHYHORS
DQGH[SDQGWKHXVHRIVXFKPHWKRGV7KLVLVSDUWLFXODUO\LQ
RUGHUWRPDNHFROGZHOGLQJDSSOLFDEOHIRUMRLQLQJRI
GLVVLPLODUPHWDOVOLNHDOXPLQLXPDQGVWHHO
3UHFLSLWDWHLQWHUIDFHVLQ$O0J6LDOOR\V

$QH[DPSOHRIWKHXVHRIDWRPLVWLFPRGHOOLQJDQGILUVW
SULQFLSOHVFDOFXODWLRQVLQFRPELQDWLRQZLWKDFRQWLQXXP
PHFKDQLFDOPRGHOZDVGHPRQVWUDWHGLQDUHFHQWVWXG\RI
KDUGHQLQJSUHFLSLWDWHVLQ$O0J6L[[[VHULHVDOOR\V>@
7KHVHLQGXVWULDOO\LPSRUWDQWDOOR\VJDLQDODUJHLQFUHDVHLQ
WHQVLOHVWUHQJWKGXHWRWKHIRUPDWLRQRIQHHGOHVKDSHG
SUHFLSLWDWHVLQWKHDOOR\GXULQJDUWLILFLDODJLQJ>@7KH
OHQJWKRIWKHSUHFLSLWDWHVLVW\SLFDOO\DERXWQPDQGWKH
ZLGWKLVW\SLFDOO\QP7KHVWUDLQILHOGVIRUPHGDURXQG
WKHVHSUHFLSLWDWHVWUDSGLVORFDWLRQVZKLFKOHDGVWRPHFKDQLFDO
VWUHQJWKHQLQJRIWKHDOOR\7KHPRGHOFRQVLVWHGRID
SUHFLSLWDWHFURVVVHFWLRQHPEHGGHGLQDQDOXPLQLXPPDWUL[
VHH)LJE7KHPRGHOWKXVLQFOXGHGDOOUHOHYDQWLQWHUIDFHV
DQGFRUQHUVH[FHSWWKHWLSVRIWKHSUHFLSLWDWHQHHGOHV
([FHOOHQWPLFURVFRS\LPDJHVRISUHFLSLWDWHFURVVVHFWLRQVVHH
)LJDDORQJZLWKNQRZOHGJHRIWKHRULHQWDWLRQUHODWLRQV
EHWZHHQWKHFU\VWDOVWUXFWXUHVRIWKHSUHFLSLWDWHDQG
DOXPLQLXPPDGHLWIHDVLEOHWRFRQVWUXFWDUHDOLVWLFDWRPLVWLF
PRGHO



)LJD7(0LPDJHRIDSUHFLSLWDWHFURVVVHFWLRQLQDQ$O0J6LDOOR\
3LFWXUHWDNHQIURPUHI>@E$WRPLVWLFVXSHUFHOOFRQWDLQLQJDSUHFLSLWDWH
HPEHGGHGLQ$O

7KHDWRPLVWLFPRGHOZDVWKHQHPSOR\HGLQD')7FDOFXODWLRQ
,QVXFKFDOFXODWLRQVWKHPDWHULDOVWUXFWXUHLVUHSUHVHQWHGE\
VRFDOOHGSHULRGLFVXSHUFHOOVDVVHHQLQ)LJEUHSHDWHG
LQILQLWHO\LQDOOWKUHHVSDWLDOGLUHFWLRQV,WLVWKHUHIRUH
LPSRUWDQWWKDWWKHVXSHUFHOOLVODUJHHQRXJKWRFRQWDLQDOO
UHOHYDQWVWUDLQVDQGVWUHVVHVGXHWRWKHLQVHUWHGSUHFLSLWDWHVR
WKDWWKHVHDUHFRQYHUJHGWRDSSUR[LPDWHO\]HURDWWKHHGJHRI
WKHVXSHUFHOO,IWKLVLVQRWWKHFDVHWKHSHULRGLFLPDJHVRIWKH
SUHFLSLWDWHVZLOO³LQWHUDFW´ZLWKHDFKRWKHUDQGOHDGWR
LQFRUUHFWRULQFRQVLVWHQWVWUDLQHQHUJLHV,QWKLVPRGHOWKH
SUHFLSLWDWHVZHUHUHSUHVHQWHGDVLQILQLWHO\ORQJQHHGOHV2QH
VXFKSUHFLSLWDWHPDWUL[VXSHUFHOOW\SLFDOO\FRQWDLQVEHWZHHQ
DQGDWRPVVRDZHOOFRQYHUJHGFDOFXODWLRQWKXV
UHTXLUHVDUHODWLYHO\ODUJHDPRXQWRIFRPSXWDWLRQDOUHVRXUFHV
7KH')7FDOFXODWLRQVZHUHFDUULHGRXWXVLQJWKH9$63
9LHQQD$E,QLWLR6LPXODWLRQ3DFNDJHFRGH>@7KH
PRVWLPSRUWDQWRXWSXWVIURPWKHVHFDOFXODWLRQVDUHWKHUHOD[HG
DWRPLFSRVLWLRQVDQGWKHWRWDOIUHHHQHUJ\LQWKHVXSHUFHOO
IURPZKLFKVWUDLQHQHUJLHVDQGLQWHUIDFHHQHUJLHVFDQEH
REWDLQHG
$VLPLODUFODVVLFDOSUHFLSLWDWHPRGHOZLWKGLPHQVLRQV
LGHQWLFDOWRWKRVHRIWKHDWRPLVWLFPRGHOZDVWKHQFRQVWUXFWHG
DQGHPSOR\HGLQDILQLWHHOHPHQW)(FDOFXODWLRQVHH)LJ
7KHSHUKDSVPRVWREYLRXVGLIIHUHQFHIURPWKHDWRPLVWLF
PRGHOLVWKHSUHFLSLWDWHPDWUL[LQWHUIDFHZKLFKZDVRQO\
UHSUHVHQWHGDVDVWUDLJKWDQGFOHDQLQWHUIDFHLQWKHODWWHU
PRGHO$PRQJWKHPDLQLQSXWVLQWKH)(PRGHOZDVWKH
HODVWLFFRHIILFLHQWVRIDOXPLQLXPDQGRIWKHSUHFLSLWDWHZKLFK
ZHUHFDOFXODWHGVHSDUDWHO\XVLQJ')77KHHDVLHVWIHDWXUHWR
FRPSDUHLQWKHWZRPRGHOVLVWKHVLPXODWHGVWUDLQILHOGLQWKH
$OPDWUL[7KLVLVDOVRDTXDQWLW\RIKLJKUHOHYDQFHZKHQ
UHJDUGLQJWKHSUHFLSLWDWHV¶LQIOXHQFHRQWKHPHFKDQLFDO
VWUHQJWKLQWKHDOOR\([SHFWHGO\WKHFRKHUHQF\VWUDLQV
VLPXODWHGFORVHWRWKHLQWHUIDFHDQGLQVLGHWKHSUHFLSLWDWHGLG
QRWFRUUHVSRQGZHOOZLWKWKRVHVLPXODWHGZLWKLQWKHDWRPLVWLF
PRGHO7KHPDLQVRXUFHRIGLVFUHSDQFLHVZDVWKHZD\LQ
ZKLFKWKHSUHFLSLWDWHPDWUL[LQWHUIDFHZDVUHSUHVHQWHGLQWKH
)(PRGHO(OHFWURQLFHIIHFWVJRYHUQWKHHODVWLFVWUDLQVQHDU
WKHLQWHUIDFHVRLWPXVWEHWUHDWHGTXDQWXPPHFKDQLFDOO\LQ
RUGHUWRSURYLGHDFRUUHFWVWUDLQEHKDYLRXU7KHSUHFLSLWDWH
FURVVVHFWLRQZDVDOVRVPDOOHQRXJKWKDWWKHVWUDLQVLQLWV
HQWLUHLQWHULRUZDVDIIHFWHGE\WKHLQWHUIDFH1HYHUWKHOHVVD
JRRGDJUHHPHQWEHWZHHQWKHWZRPRGHOVZDVIRXQGDVORQJDV
WKHVWUDLQVZHUHFRQVLGHUHGDWDVXIILFLHQWO\ODUJHGLVWDQFH
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IURPWKHSUHFLSLWDWHPDWUL[LQWHUIDFHWKDWLVQHDUWKHHGJHRI
WKHVXSHUFHOOVDERXWQPDZD\IURPWKHLQWHUIDFH7KXVLW
VKRZHGWKDWVWUDLQILHOGVLQWKHEXONUHJLRQFDQEHUHOLDEO\
VLPXODWHGLQDFODVVLFDOPRGHOHYHQZLWKDFRPSOH[LQWHUIDFH
SUHVHQW
7KLVPRGHOOLQJDSSURDFKVKRXOGWKHQDOVREHDSSOLFDEOHIRU
RWKHUW\SHVRILQWHUIDFHVOLNHVROLGVWDWHZHOGHGMRLQWV




)LJ)(PRGHORISUHFLSLWDWHEOXHHPEHGGHGLQDQ$OPDWUL[UHG)LJXUH
WDNHQIURPUHI>@


,QWHUIDFHVRIFROGZHOGHGMRLQWV

,QFROGSUHVVXUHZHOGLQJWKHFRPSRQHQWVDUHMRLQHGWRJHWKHU
E\DSSO\LQJDKLJKSUHVVXUHSHUSHQGLFXODUWRWKHVXUIDFHVWKDW
DUHMRLQHGWRJHWKHUUHVXOWLQJLQSODVWLFGHIRUPDWLRQRIWKH
PDWHULDOVQHDUWKHMRLQW$Q\FRQWDPLQDQWOD\HUVDUHIRUFHG
RXWZDUGVIURPWKHZHOGLQJDUHDDQGLQWRWKHIODVKGXULQJWKH
SURFHVV$WWKHVDPHWLPHWKHPDWHULDOVEHFRPHZRUN
KDUGHQHGDWWKHMRLQW
7KH+<%PHWKRGLVSDUWLFXODUO\VXLWDEOHIRUZHOGLQJRI
DOXPLQLXP+HUHDSODVWLFL]HGDOXPLQLXPZLUHLVXVHGDVD
ILOOHUPDWHULDOWKDWLVVTXHH]HGYLDFRQWLQXRXVH[WUXVLRQLQWR
WKHJURRYHEHWZHHQWKHWZREDVHFRPSRQHQWV7KHR[LGHOD\HU
RIWKHEDVHPDWHULDOVZLOOEHIRUFHGRXWRIWKHZHOGLQJDUHD
GXULQJWKHSURFHVVWKXVPDNLQJLWSRVVLEOHIRUVWURQJPHWDOOLF
ERQGVWREHFUHDWHGEHWZHHQWKHILOOHUPDWHULDODQGWKHEDVH
PDWHULDOV,QFRQWUDVWWR&3:MRLQWVRQO\WKHILOOHUPDWHULDO
ZLOOEHSODVWLFDOO\GHIRUPHGZKLOHWKHEDVHPHWDOLVOHVV
DIIHFWHG>@
2EYLRXVO\WKHLQWHUIDFHVRIFROGZHOGHGMRLQWVDUHLQPDQ\
ZD\VFOHDUO\GLIIHUHQWIURPWKRVHGLVFXVVHGLQWKHSUHYLRXV
VHFWLRQ3ULPDULO\ZHQRZKDYHDPDFURVFRSLFDQG
LQFRKHUHQWLQWHUIDFHLQVWHDGRIDVHPLFRKHUHQWQDQRVFDOH
LQWHUIDFH,QDGGLWLRQWKHLQWHUIDFHZLOOEHIDUIURPFOHDQWKDW
LVLWLVOLNHO\WRFRQVLVWRIDZLGHUDQJHRILQWHUIDFHSODQHV
DORQJWKHMRLQWDQGKDYLQJDYHU\FRPSOH[DWRPLF
FRQILJXUDWLRQ)XUWKHUPRUHWKHFRPSRQHQWVDUHVHYHUHO\
GHIRUPHGQHDUWKHMRLQWVDQGWKXVFOHDUO\QRWLQDQ
HTXLOLEULXPVWDWH+RZHYHUWKHPLFURVWUXFWXUHLWVHOIKDVEHHQ
IRXQGWREHNHSWLQWDFWDIWHUMRLQLQJLQ&3:>@
7KHREMHFWLYHRIDSXUHO\DWRPLVWLFDSSURDFKEDVHGXSRQILUVW
SULQFLSOHVFDOFXODWLRQVLVWRVKHGOLJKWXSRQVRPHIXQGDPHQWDO
SK\VLFDOSURSHUWLHVRIWKHLQWHUIDFHSDUWLFXODUO\WKHERQGLQJ
VWUHQJWKRIYDULRXVLQWHUIDFHSODQHV$QDWXUDODSSURDFKZLOO
WKHQEHWRFUHDWHDQXPEHURIKHWHURSKDVHVXSHUFHOOVKDYLQJ
YDULRXVLQWHUIDFHRULHQWDWLRQVDQGRUDWRPLFFRQILJXUDWLRQV
DQGUXQ')7FDOFXODWLRQVWRREWDLQLQWHUIDFHHQHUJLHVIURP
ZKLFKHJERQGLQJVWUHQJWKVFDQEHH[WUDFWHGDQGWKH
HOHFWURQVWUXFWXUHRIWKHLQWHUIDFH
6XFKVLPXODWLRQVFDQDOVREHXVHGIRUSUHGLFWLQJHPEULWWOLQJ
SRWHQWLDOVIRUYDULRXVW\SHVRIVROXWHVLQWKHMRLQHGDOOR\V



)LJ([DPSOHRIDQLQFRKHUHQWLQWHUIDFHZKLFKFDQEHUHSUHVHQWDWLYHIRU
WZRFU\VWDOVZLWKGLIIHUHQWFU\VWDOVWUXFWXUHVOLNHDOXPLQLXPIFFDQGLURQ
EFFRUDJUDLQERXQGDU\

7KLVLVJRYHUQHGE\WKHVHJUHJDWLRQRIVROXWHVDQGWKHLU
ELQGLQJHQHUJLHVWRWKHMRLQWLQWHUIDFH7KHSUHGLFWLYHSRZHU
RIVXFKFDOFXODWLRQVKDYHSUHYLRXVO\EHHQGHPRQVWUDWHGIRU
JUDLQERXQGDULHV>@EXWDUHOLNHO\WRDSSO\IRURWKHU
W\SHVRILQWHUIDFHVDVZHOO$QRWKHULQWHUHVWLQJDVSHFWZRXOG
EHWRLQYHVWLJDWHWKHLQWHUDFWLRQEHWZHHQWKHLQWHUIDFHDQG
GLVORFDWLRQV(JDVLPSOHHGJHGLVORFDWLRQFRXOGEH
LQWURGXFHGLQWKHPDWUL[DQGLWVLQWHUDFWLRQVWUHQJWKZLWK
YDULRXVLQWHUIDFHVFRXOGEHVWXGLHGYLDHQHUJ\FDOFXODWLRQV
ZLWKWKHGLVORFDWLRQVLWXDWHGDWYDULRXVGLVWDQFHVIURPWKH
LQWHUIDFH$QLQFRKHUHQWLQWHUIDFHZLOOFRQWDLQVHYHUDO
GLVFRQQHFWLRQVZKLFKFDQERWKDWWUDFWDQGUHSXOVHLQFRPLQJ
GLVORFDWLRQVGHSHQGLQJRQWKHLUQDWXUH+RZHYHULQRUGHUWR
REWDLQDFRPSOHWHSLFWXUHRIWKHGLVORFDWLRQLQWHUDFWLRQVD
ODUJHQXPEHURIFDOFXODWLRQVLVQHHGHGUHJDUGLQJWKHPDQ\
YDULRXVLQWHUIDFHFRQILJXUDWLRQVWKDWFDQEHSUHVHQWDORQJWKH
ZHOGHGMRLQW
,QRUGHUWREHDEOHWRPDNHUHDOLVWLFDWRPLVWLFLQWHUIDFH
PRGHOVKLJKTXDOLW\PLFURVFRS\LPDJHVDUHRIXWWHU
LPSRUWDQFH7KHVWDWHRIWKHDUWRQWKLVPDWWHULVWKH+LJK
$QJOH$QQXODU'DUN)LHOG6FDQQLQJ7UDQVPLVVLRQ(OHFWURQ
0LFURVFRS\+$$')67(0WHFKQLTXH>@ZKLFK
QRWRQO\SURYLGHVLPDJHVDWDWRPLFVFDOHUHVROXWLRQEXWDOVR
PDNHVLWSRVVLEOHWRGLVWLQJXLVKEHWZHHQGLIIHUHQWHOHPHQWV
$QH[DPSOHLVVKRZQLQ)LJ



)LJ+$$')67(0LPDJHRI7L2±6U7L2LQWHUIDFH7KHKLJKTXDOLW\RI
WKHLPDJHPDNHVLWHDV\WRVHHWKHDWRPLFFRQILJXUDWLRQDORQJWKHLQWHUIDFH
%\DQDO\VLQJWKHDSSDUHQWEULJKWQHVVRIWKHDWRPVWKHYDULRXVHOHPHQWVFDQ
EHLGHQWLILHG)LJXUHWDNHQIURP>@
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7KHSODVWLFGHIRUPDWLRQQHDUWKHMRLQWVZLOOFDXVHDQLQFUHDVHG
DPRXQWRIYDULRXVGHIHFWVQHDUWKHLQWHUIDFHOLNHGLVORFDWLRQV
DQGLQWHUPHWDOOLFFRPSRXQGV7KHVHGHIHFWVDUHRIWHQWRR
ODUJHWREHLQFOXGHGLQILUVWSULQFLSOHVFDOFXODWLRQV7KXVD
SRVVLEOHDSSURDFKIRULQFOXGLQJWKHLUSUHVHQFHZLOOEHWR
LQWHJUDWHWKHDWRPLVWLFLQWHUIDFHVXSHUFHOOVLQWRDK\EULGRU
PXOWLVFDOHPRGHOVLPLODUWRWKDWGHVFULEHGLQWKHSUHYLRXV
VHFWLRQ7KH')7FDOFXODWHGSURSHUWLHVRIWKHLQWHUIDFHZKLFK
WDNHVLQWRDFFRXQWLWVFRPSOH[DWRPLFVWUXFWXUHDQGHOHFWURQLF
HIIHFWVFDQEHLQFRUSRUDWHGLQWRD)(PRGHORIWKHVDPH
LQWHUIDFH$VLPLODUDSSURDFKKDVSUHYLRXVO\EHHQSURSRVHG
IRUPXOWLVFDOHPRGHOOLQJRISUHFLSLWDWHV>@$K\EULGPRGHO
RIDVWHHODOXPLQLXPMRLQWZLOOWKHQFRQVLVWRIWKUHHUHJLRQV
EXONDOXPLQLXPLQWHUIDFHDQGEXONVWHHO,QWKHIRUPHUDQG
WKHODWWHUUHJLRQFODVVLFDOOLQHDUHODVWLFWKHRU\ZLOOEHYDOLG
3URYLGHGFRUUHFWHODVWLFSURSHUWLHVLQWKHLQWHUIDFHUHJLRQIURP
WKH')7FDOFXODWLRQVWKH)(FDOFXODWLRQVVKRXOGWKHQ\LHOGD
FRUUHFWHODVWLFUHVSRQVHLQWKHEXONUHJLRQVRIDOXPLQLXPDQG
VWHHO





)LJ6FKHPDWLFLOOXVWUDWLRQRIDK\EULGLQWHUIDFHPRGHO

7KHPRGHOVKRXOGWKHQ\LHOGUHOLDEOHVLPXODWLRQVRI
LQWHUDFWLRQVEHWZHHQGLVORFDWLRQVDQGHODVWLFDQGVKHDUVWUDLQV
DQGHODVWLFLQWHUDFWLRQVWUHQJWKVFDQWKXVEHFDOFXODWHGDQG
SUHGLFWHG6LQFHWKHVHLQWHUIDFHVDUHLQFRKHUHQWWKHUHZLOOQRW
EHDQ\FRKHUHQF\VWUDLQVIURPWKHLQWHUIDFHLWVHOILQWKH
PDWULFHV
3. Discussion

$WRPLVWLFPRGHOOLQJHPSOR\HGLQILUVWSULQFLSOHVFDOFXODWLRQV
RUDVSDUWRIK\EULGPRGHOVFOHDUO\KDYHDSUHGLFWLYHVWUHQJWK
UHJDUGLQJWKHLQIOXHQFHRILQWHUIDFHVRQPDWHULDOSURSHUWLHV
+RZHYHUWKHVHPHWKRGVKDYHKLWKHUWRPDLQO\EHHQXVHGLQ
V\VWHPVLQYROYLQJUHODWLYHO\FOHDQDQGRUGHUHGFRKHUHQWRU
VHPLFRKHUHQWLQWHUIDFHV$FROGZHOGHGLQWHUIDFHEHWZHHQ
DOXPLQLXPDQGVWHHOLURQZLOOOLNHO\KDYHDKLJKO\
FRPSOLFDWHGDQGGLVRUGHUHGLQWHUIDFHWKXVPDNLQJLWD
FKDOOHQJLQJWDVNWRPRGHO
$VORQJDVZHVWLFNWRILUVWSULQFLSOHVPHWKRGVZHDUH
FRQVWULFWHGWRLQWHUIDFHVRULQWHUIDFHUHJLRQVWKDWGRQRW
IHDWXUHDQ\PHVRVFRSLFGHIHFWVHJYRLGVRULQWHUPHWDOOLF
SKDVHVDQGZKHUHWKHUHLVDODWHUDOSHULRGLFLW\WKDWFDQEH
LQFRUSRUDWHGLQWRDPRGHOFRQWDLQLQJDIHZKXQGUHGDWRPV,Q
SODVWLFDOO\GHIRUPHGPHWDOVGHIHFWVOLNHYRLGVRULQWHUPHWDOOLF
FRPSRXQGVRI)HDQG$OHJ)H$OPD\EHIRUPHG7KH
ODWWHULVDSDUWLFXODUULVNLQFROGSUHVVXUHZHOGLQJRI
DOXPLQLXPDQGVWHHO>@,QFOXVLRQVRIVXFKGHIHFWVDUHQRW
ZLWKLQWKHFXUUHQWUHDFKRIDILUVWSULQFLSOHVPRGHOOLQJ
DSSURDFK
,QDGGLWLRQWKHUHDUHVHYHUDOLPSRUWDQWHIIHFWVDVVRFLDWHGZLWK
WKHGHIRUPDWLRQRIWKHPDWHULDOVLQFROGZHOGHGMRLQWVWKDW
FDQQRWEHDFFRXQWHGIRULQWKH')7RUK\EULGPRGHOVZKLFK
PDLQO\\LHOGVHTXLOLEULXPSURSHUWLHV,Q&3:MRLQWVWKHUH
ZLOOEHDVWURQJSODVWLFGHIRUPDWLRQRIWKHPDWHULDOVRQERWK
VLGHVRIWKHMRLQWLPSO\LQJDVLJQLILFDQWVKHDUVWUHVVLQWKH
PDWHULDOV,WZRXOGWKXVEHGHVLUDEOHWREHDEOHWRLQFOXGHDQ
H[WHUQDOIRUFHLQWKHPRGHOVUHSUHVHQWLQJHJDQDSSOLHGORDG
WHQVLOHVWUHVVRUVKHDUVWUHVV
%\XVLQJFODVVLFDORUVHPLHPSLULFDOLQWHUDWRPLFSRWHQWLDOV
PXFKODUJHUV\VWHPVFDQEHGHVFULEHGWKDQLQILUVWSULQFLSOHV
VLPXODWLRQVFRQWDLQLQJWKRXVDQGVRUHYHQPLOOLRQVRIDWRPV
7KLVRSHQVXSWKHSRVVLELOLW\RILQFOXGLQJHJHQWLUHJUDLQVRU
LQWHUPHWDOOLFFRPSRXQGVLQWKHPRGHOV7KHGLVDGYDQWDJHLV
WKDWWKHIXQGDPHQWDOSK\VLFDOSURSHUWLHVRIWKHV\VWHPZLOOEH
FOHDUO\OHVVDFFXUDWHO\GHVFULEHGWKDQLQ')7,QWHUDWRPLF
SRWHQWLDOVDUHXVHGLQVRFDOOHGPROHFXODUG\QDPLFV0'
VLPXODWLRQVZKLFKFDQEHUXQDWWLPHVFDOHVRIXSWRKXQGUHGV
RIQDQRVHFRQGV>@7KLVPDNHWKHPSDUWLFXODUO\XVHIXOIRU
H[SORULQJWKHUPRG\QDPLFSURSHUWLHV,QFRQWUDVWWR')7LQ
ZKLFKWKHV\VWHPLVGHVFULEHGDW]HURWHPSHUDWXUHWKHHIIHFWV
RIWHPSHUDWXUHDQGHQWURS\FDQEHWDNHQLQWRDFFRXQW
$UHOHYDQWH[DPSOHIRUMRLQWLQWHUIDFHVZKHUH0'FDQSOD\DQ
LPSRUWDQWUROHLVLQVWXGLHVRILQWHUIDFHGHIRUPDWLRQDQG
VOLGLQJ,WKDVSUHYLRXVO\EHHQVKRZQWKDW0'VLPXODWLRQVFDQ
VXFFHVVIXOO\EHXVHGLQVWXGLHVRIPHFKDQLFDOUHVSRQVHVRI
LQWHUIDFHVXQGHUDSSOLHGORDGV>@VHHDOVR)LJ
3ODVWLFDQGVKHDUGHIRUPDWLRQDQGIUDFWXUHQXFOHDWLRQDUH
SURFHVVHVWKDWLQLWLDWHGDPDJHVDWWKHLQWHUIDFHVDQGFDQEH
H[SORUHGE\VLPXODWLQJGLVORFDWLRQPRWLRQXQGHUDSSOLHG
WHQVLOHVWUHVV



)LJ$WRPLVWLFPRGHOLOOXVWUDWLQJDQ0'VLPXODWLRQRIPLJUDWLRQRI
GLVORFDWLRQVWRZDUGVDQDOXPLQLXPJUDLQERXQGDU\XQGHUDSSOLHGORFDOVKHDU
VWUHVVĲ)LJXUHWDNHQIURP>@

7KXVWKHVHW\SHVRIVLPXODWLRQVFDQEHYHU\XVHIXOIRU
VWXG\LQJODUJHUVFDOHSURFHVVHVLQZKLFKNQRZOHGJHRIH[DFW
HOHFWURQLFLQWHUDFWLRQVDWWKHLQWHUIDFHDUHRIOHVVLPSRUWDQFH
'XHWRWKHPRUHDSSUR[LPDWHFDOFXODWLRQVWKHFRPSXWDWLRQDO
FRGHVDUHVRPHZKDWPRUHHIIHFWLYHWKDQIRUILUVWSULQFLSOHV
FDOFXODWLRQVPDNLQJWKHVLPXODWLRQVOHVVWHGLRXVDQGUHVRXUFH
LQWHQVLYHWKDQ')7DQGK\EULGPRGHOVLPXODWLRQV,QVKRUW
XVHRI0'DQGLQWHUDWRPLFSRWHQWLDOVLVSUHIHUUDEOHZKHQ
DSSUR[LPDWHDQVZHUVDUHQHHGHGWRSURFHVVHVDWQDWXUDOVFDOHV
DQGUHDOLVWLFWHPSHUDWXUHVUDWKHUWKDQH[DFWQXPEHUVDWYHU\
VPDOOVFDOHVDW]HURNHOYLQ&ORVHULQYHVWLJDWLRQVRI
FRUUHODWLRQVRIWKHGLIIHUHQWVFDOHVFDQKHOSLPSURYH0'
IXUWKHU%\H[SORLWLQJWKHVWUHQJWKVRIHDFKRIWKHVHYDULRXV
SRVVLEOHDSSURDFKHVDFRPSOHWHXQGHUVWDQGLQJRIWKH
SURSHUWLHVDQGWKHLQIOXHQFHRIWKHZHOGHGLQWHUIDFHIURP
DWRPLFXSWRPDFURVFRSLFVFDOHFDQEHREWDLQHG



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4. Summary and conclusions
3RVVLELOLWLHVDQGFKDOOHQJHV LQ WKHXVHRIDWRPLVWLFPRGHOOLQJ
IRULQYHVWLJDWLRQRIFROGZHOGHGLQWHUIDFHVKDYHEHHQSUHVHQWHG
7KH SRWHQWLDO RI D FRPELQHG ILUVW SULQFLSOHV DQG FODVVLFDO
PHFKDQLFDODSSURDFKZDVUHYLHZHGE\XVLQJDUHFHQWVWXG\RI
KDUGHQLQJSUHFLSLWDWHVLQDOXPLQLXPDVDQH[DPSOH$VLPLODU
DSSURDFK IRU DQ LQWHUIDFHPRGHOZDV SURSRVHG LQZKLFK WKH
LQWHUIDFH UHJLRQ PXVW EH WUHDWHG XVLQJ ILUVW SULQFLSOHV
FDOFXODWLRQV,WFDQWKHQEHLQFRUSRUDWHGLQWRDFODVVLFDOPRGHO
LQRUGHUWRLQYHVWLJDWHWKHLQIOXHQFHRIWKHLQWHUIDFHRQWKHEXON
UHJLRQVRIDOXPLQLXPDQGVWHHO)XUWKHUSRVVLELOLWLHVE\XVLQJ
LQWHUDWRPLFSRWHQWLDOVLQPROHFXODUG\QDPLFVVLPXODWLRQVZHUH
WKHQGLVFXVVHG
&XUUHQWO\WKHPRVWUHDOLVWLFVWDUWLQJSRLQWIRUDILUVWSULQFLSOHV
DSSURDFK LV WRPRGHO ORFDO UHJLRQV RI WKH LQWHUIDFH LQ ZKLFK
ODWHUDOSHULRGLFLW\LVIRXQG$OWKRXJKVXFKDPRGHOPD\QRWEH
UHSUHVHQWDWLYHIRUDIXOOPDFURVFDOHFROGZHOGHG$OVWHHOMRLQW
XVHIXOLQVLJKWVFDQEHJDLQHGRQWKHDWRPLFERQGLQJDFURVVWKH
LQWHUIDFH DQG LWV LQIOXHQFH RQ GLVORFDWLRQ PRWLRQ 7KHVH DUH
LPSRUWDQWIDFWRUVGHWHUPLQLQJWKHWHQVLOHVWUHQJWKRIWKHMRLQW
%\LQWURGXFLQJVROXWHLPSXULWLHVHJLQWHUVWLWLDOFDUERQDWRPV
LQVWHHOSRWHQWLDOHPEULWWOHPHQWDWWKH$OVWHHOLQWHUIDFHFDQEH
SUHGLFWHGYLDVLPXODWLRQVRIVROXWHVHJUHJDWLRQ
6WXGLHVRIGHIHFWVOLNHYRLGVDQGLQWHUPHWDOOLFFRPSRXQGVDQG
WKHLULQWHUDFWLRQVZLWKWKHLQWHUIDFHUHTXLUHVXVHRILQWHUDWRPLF
SRWHQWLDOVDQGPROHFXODUG\QDPLFVVLPXODWLRQV LQRUGHU WREH
IHDVLEOH 7KHVH PHWKRGV SURYLGH DFFHVV WR ODUJHU VFDOH
VLPXODWLRQV WKDQ FDQ EH SHUIRUPHG ZLWK ILUVW SULQFLSOHV
FDOFXODWLRQV 2I SDUWLFXODU LQWHUHVW VKRXOG EH VLPXODWLRQV RI
GLVORFDWLRQ PRWLRQV XQGHU DSSOLHG ORDGV ZKLFK SOD\ DQ
LPSRUWDQWUROHLQWKHIRUPDWLRQRIIUDFWXUHV
&OHDUO\ D FRPSOHPHQWDU\ DWRPLVWLF VWXG\ RI LQWHUIDFHV OLNH
WKRVHIRXQGLQVROLGVWDWHZHOGHGMRLQWVVKRXOGLQFOXGHPRGHOV
DWYDULRXVVFDOHV:KLOHILUVWSULQFLSOHVFDOFXODWLRQVFDQSURYLGH
DFFXUDWH SUHGLFWLRQV RI IXQGDPHQWDO FKHPLFDO DQG HODVWLF
SURSHUWLHVRI WKH LQWHUIDFH ODUJHU VFDOHPRGHOV DUH QHHGHG LQ
RUGHU WR GHVFULEH WKHPHFKDQLFDO SURFHVVHV WKDW RFFXU GXH WR
YDULRXVLQWHUIDFHGHIHFWV$OWKRXJKWKHODWWHUPHWKRGVDUHQRWDV
SUHFLVHDVILUVWSULQFLSOHVPHWKRGVWKH\FDQEHYHU\XVHIXOIRU
VWXG\LQJSURFHVVHVLQWKHMRLQHGPHWDOVDWWKHLUQDWXUDOVFDOHV
,Q DQ\ FDVH WKH DFFXUDF\ DQG HIILFLHQF\ RI ERWK RI WKHVH
FRPSXWDWLRQDO DSSURDFKHV LV VWHDGLO\ LPSURYLQJ ZKLFK ZLOO
RSHQXSQHZDQGH[FLWLQJPRGHOOLQJSRVVLELOLWLHVLQWKH\HDUVWR
FRPHWRWKHEHQHILWRIDOOLQGXVWULHVDQGWHFKQRORJLHVWKDWUHO\
XSRQPDWHULDOSURSHUWLHV
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Response to the reviewer 
I would first like to thank the reviewer for his helpful and adequate comments. I have tried to address 
the reviewer’s comments, and the revised version is hopefully improved properly. In the following 
answers to the reviewer’s comments are provided, in addition to a list of changes made in the revised 
manuscript. 
Major comment: The paper presents its main topic -- atomistic modelling of interfaces in cold weld joints -- 
rather as a potential than an actual field of research. Tangible results of similar investigations are discussed 
with respect to the hardening of precipitates in Al-Mg-Si alloys (see Sect. 2). While this apparently successful 
study may provide a good example for the application of atomistic and hybrid modelling, the main topic 
should be elaborated in more detail.  
In fact, the paper is not balanced and there is a jump from the example section (Sect. 2) to the discussion 
section (Sect. 3). Note that given the six pages limit there is still ample space to bridge this gap (having now 
a manuscript of 3 and half pages). Here, given advanced simulations, one would expect much more 
visualizations. Anyway, such a way of presentation would bring the paper definitely closer to the general 
area of the conference which is termed as "Learning Factory". 
Answer: 
In the revised version I have made some re-structuration of the manuscript (see list of changes below) in 
order to make it more balanced. Parts of what was included in Section 3 in the original manuscript 
belongs more to the main part (Section 2). Some more details on the cold welding techniques (both 
CPW and HYB) has been included. This paper aims to present the possibilities of atomistic modelling of 
interfaces, and with background in this, present a couple of possible approaches to model a cold welded 
interface, which in many ways is a more difficult and complicated case than e.g. precipitate-matrix 
interfaces. Since very few studies of such interfaces at atomistic level have been performed previously 
(at least to my knowledge), there are few or none illustrations or images existing in literature. However, 
some more figures have been added that hopefully provides useful illustration to the topic presented. 
Minor comment: The manuscript includes a comment that should be removed from the final submission.  
Answer: The comment has now been removed. 
Minor comment: Sect. 3 has a single subsection (3.1).  
Answer: Parts of the subsection have now been moved to a new subsection (2.2, see list of changes 
below), while section 3 now has no subsections. 
Minor comment: References are not given completely; page numbers of papers are not in the right way.  
 
Answer: More references have been added where proper, and the reference list is hopefully providing 
sufficient information on each reference. The page numbers should be correct (not sure about which 
numbers should replace the zeros on the page headers).  
List of changes in revised manuscript: 
1. Introduction: 
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- References on CPW and HYB have been added. 
- The small part about the importance of good microscopy images has been removed (and has instead 
been added to Section 2.2). 
- Some minor corrections and reformulations.  
2. Interface modelling 
- Section 2 have been re-named «Interface modelling», while the original Section 2 is now put under 
subsection 2.1 («Precipitate interfaces in Al-Mg-Si alloys»).  
- A new subsection 2.2 have been added («Interfaces of cold welded joints»), in which possible 
approaches to a first-principles study of interface models are included (parts have been moved from 
Section 3 in the original version). More details on the CPW and HYB methods have also been added. 
- A short introduction to the main section have been added. 
- Two new figures have been added to section 2.2 (Fig. 3 and 4). 
- References on previous works on grain boundaries and precipitate interfaces have been added. 
3. Discussion 
- Subsection heading (3.1 in the original version) has been removed, so that Section 3 is now one single 
section. 
- The parts regarding the first-principles and hybrid model approaches have been moved to section 2.2. 
- A new figure has been added (Fig. 5). 
- Some more discussion on the MD-approach vs first-principles and hybrid approaches has been added. 
4. Summary and conclusions 
- Some minor corrections and reformulations.  
